ABSTRACT. We performed whole-exome sequencing in samples representing accelerated phase (AP) and blastic crisis (BC) in a subject with chronic myeloid leukemia (CML). A total of 12.74 Gb clean data were generated, achieving a mean depth coverage of 64.45 and 69.53 for AP and BC samples, respectively, of the target region. A total of 148 somatic variants were detected, including 76 insertions and deletions (indels), 64 single-nucleotide variations (SNV), and 8 structural variations (SV). On the basis of annotation and functional prediction analysis, we identified 3 SNVs and 6 SVs that showed a potential association with CML progression. Among the genes that harbor the identified variants, GATA2 has previously been reported to play important roles in the progression from AP to BC in CML. Identification of these genes will allow us to gain a better understanding of the pathological mechanism of CML and represents a critical advance toward new molecular diagnostic tests for the development of potential therapies for CML.
INTRODUCTION
Chronic myeloid leukemia (CML) is characterized by the chromosomal translocation t(9;22)(q34;q11) leading to the Philadelphia chromosome (Ph) and generating the Bcr-Abl1 fusion gene that encodes a constitutively active protein, tyrosine kinase (Goldman and Melo, 2003) . Previous in vitro studies have shown that Bcr-Abl1 is oncogenic in hematopoietic cells, promotes leukemic cell proliferation, and inhibits apoptosis (Lugo et al., 1990; Druker et al., 1996) . The discovery that Bcr-Abl1 mediates the pathogenesis of CML has provided the rationale for designing selective tyrosine kinase inhibitors (TKIs). Moreover, structural studies have facilitated the rational design of therapeutics targeting the tyrosine kinase activity of Bcr-Abl1. The impressive results obtained with the first agent of this kind, imatinib mesylate, has spurred the development of targeted therapies in cancer medicine. Clinical use of imatinib started in 1998 and it has shown remarkable effectiveness as a single agent for the treatment of CML patients, with most improvements seen in patients with chronic phase (CP) disease (Hochhaus and La Rosee, 2004) .
However, these initial results were tempered by the fact that Bcr-Abl1 transcripts are readily detectable in most patients receiving imatinib and that responses in the accelerated phase (AP) or the blastic crisis (BC) of the disease, when they occur, are generally short lived (Druker et al., 2001) . Moreover, imatinib also inhibits the non-oncogenic C-Abl kinase in normal cells, and long-term administration of the drug can lead to cardiotoxicity (Kerkela et al., 2006) . These findings have fueled interest in elucidating the mechanisms of resistance to TKI therapy and in developing novel agents to overcome these limitations.
Cancer genomes are enormously diverse and complex. The karyotypic heterogeneity of cancer genomes led to the proposal by Peter Nowell, in the mid-1970s, that tumorigenesis progresses by a stepwise evolutionary process (Nowell, 1976) . Nowell suggested that, following an initiating event that converts a normal cell to a neoplastic cell, cancer progression results from the acquisition of genetic instability, leading to the accumulation of genetic alterations and the continual selective outgrowth of variant subpopulations of tumor cells with a proliferative advantage.
The development of massively parallel sequencing technologies makes it feasible to catalog all classes of somatically acquired mutations in a tumor (Ley et al., 2008; Stratton et al., 2009; Pleasance et al., 2010 ). However, a major challenge of cancer genome analysis is to identify "driver" mutations (Stratton et al., 2009) , and several recent genome studies of leukemia and solid tumors have con centrated their analysis on coding regions (the "exome") to increase the likelihood of identifying these driver mutations (Dalgliesh et al., 2010; Morin et al., 2010) . To gain new insight into pathogenesis, especially into the molecular basis underlying the increase in severity from AP to BC in CML, we carried out exome sequencing to follow the exacerbation process in CML.
MATERIAL AND METHODS

Sample description
This study was approved by the Institutional Review Boards of all involved institutions. The subject was diagnosed with CML (AP) at 42 years and was a male from Fujian Province, China. Signed informed consent documents were obtained from the patient before he was enrolled in the study. Self-report about family history and medical history was also acquired.
DNA extraction and exome sequencing
Genomic DNA was isolated from peripheral blood of the subject at 2 different phases by using a phenol-chloroform method. Following the manufacturer standard protocol, enrichment of coding exons and flanking intron regions was performed using a solution hybrid selection method with the SureSelect ® Human All Exon 38M Kit (Agilent Technologies). The Truseq TM DNA Sample Prep Kit (Illumina) was used to prepare DNA libraries. Briefly, DNA was sheared by acoustic fragmentation (Bioruptor NGS, Diagenode, Liège, Belgium) and fragments about 325 bp long were extracted from electrophoresis gels by using the MinElute Gel Extraction Kit (Qiagen). The ends of DNA fragment were repaired and a single A nucleotide was added to the 3'-ends of the blunt fragments. A pair of adaptors was ligated to both ends of the fragments, followed by purification using AMPure XP beads (Beckman Coulter). The quality of the fragmentation and purification was assessed with a 2100 Bioanalyzer (Agilent). The fragments were then amplified by PCR and captured by hybridization to biotinylated RNA library baits. The resulting DNA library was quantified with the 2100 Bioanalyzer to check the size distribution of the libraries before paired-end sequencing with read length of 116 bp on the Illumina Genome Analyzer IIx platform.
Sequence read alignments
Sequence reads were mapped to the reference human genome (Ensembl GRCh37. p5/hg19) using the Burrows-Wheeler Aligner (Li and Durbin, 2009 ). First, the reference was indexed with the command "index"; 2nd, suffix array coordinates of good hits for each read were identified with the command "aln"; 3rd, suffix array coordinates were converted to chromosomal coordinates and pair reads using the command "sampe". Sequence Alignment/Mapformatted mapping result files were imported to Samtools ) for sorting and merging; the "rmdup" command was used to remove potential PCR duplicates. GATK (McKenna et al., 2010) IndelRealigner was used to minimize the number of mismatching bases caused by differences in insertions or deletions (indels) between the genomes of the subject and the reference. FixMateInformation in Picard, which was developed by the Sequencing Platform at the Broad Institute, was used to produce fixed, coordinate-sorted results for the realigned results.
Variant detection
We focused on somatic variants, and VarScan (v2.2.8) (Koboldt et al., 2012) was used to detect single-nucleotide variations (SNVs) and indels by comparing the samples from AP and BC. Pindel (v0.2.4) (Ye et al., 2009) , Crest (v1.0) (Wang et al., 2011) , and ExomeCNV (v1.3) (Sathirapongsasuti et al., 2011) were used for somatic structural variant (SV) detection. For Pindel, SVs were detected for both samples with the parameters set as: "-c ALL --min_size 21 --max_size 10,000 --min_supporting_reads 1". SVs that existed only in the BC sample were left for further analysis. For ExomeCNV, the "GATK coverage suite" was used to obtain the average sequencing depth of each exon and the log 2 ratio was calculated to predicted gain or loss of CNVs. Parameters for Crest were set as default.
To concentrate on the variants potentially involved in the progression of CML, we filtered for known SNVs or indels, which are annotated as unrelated with any phenotype in the Ensembl database (release 64). In addition, SNVs or indels existing in 3 or more persons according to the information from 39 samples from OpenGenome (http://opengenome.net) and the Han Chinese individual (YH) (Wang et al., 2008) were also screened. For SVs, those listed in the dbVAR database (overlap between an identified SV in this study and an SV in dbVAR accounting for more than 50% for both SVs was considered as the same SV) were filtered.
Annotation and functional prediction
All remaining variants were annotated on the basis of the gene information in the Ensembl database (release 64). For SNVs and indels, variants that caused frame shifts in coding sequences, disrupted splice sites, or nonsynonymously altered the amino acid sequence were selected as candidate risk sites associated with CML progression. For further confirmation on the impact of these selected variants on the structure and function of related proteins, MutationTaster (Schwarz et al., 2010) was used for functional prediction of indels and splicing sites, and other variants were analyzed with MutationTaster, PolyPhen-2 (Adzhubei et al., 2010) , and SIFT (Kumar et al., 2009) . SVs that overlapped with genes were considered as risk sites since they are larger than SNVs and indels, and their location within genes might result in functional damage of the encoded proteins. Genes with variants confirmed as risk candidates were mapped to the KEGG pathway databases (http://www.genome.jp/kegg/) to identify functional regulation mechanisms.
RESULTS
May-Giemsa staining of smear specimens of the bone marrow is shown in Figure 1 . Overall, after filtering out reads of low quality, reads with a total length of 12.74 Gb were generated from the two samples. Approximately 4.82 Gb bases were aligned to the enriched target regions, achieving a mean coverage depth of 64.45 and 69.53 for AP and CP, respectively (Table 1) . The variant detection using VarScan (Koboldt et al., 2012) identified 140 somatic variants (76 indels and 64 SNVs). After the filtering process (see Methods) based on information obtained from the Ensembl database (release 64), OpenGenome (http://opengenome. net) and the Han Chinese individual (YH) (Wang et al., 2008) , 121 variants (72 indels and 49 SNVs) potentially associate with CML progression were recovered and annotated (Table 2) . Eight SVs were detected and 6 were obtained after the filtering process. According to the annotation results, 4 indels and 5 SNVs, annotated as disrupting splice sites or altering amino acid sequence (Table 3 ) and 6 SVs (Table 4) detected only in BC were considered as candidate risk sites correlated with CML progression. Further functional prediction results from MutationTaster (Schwarz et al., 2010) for indels and splicing sites did not show any support for their impact on the structure and function of related proteins. However, for nonsynonymous SNVs, the prediction results supported by at least two software packages showed that 3 SNVs, located on gene ANO5 (anoctamin 5, chromosome 11), GATA2 (GATA-binding protein 2, chromosome 3), and MAX (MYC-associated factor X, chromosome 14) were predicted to be deleterious mutations, suggesting that they may be functionally or structurally associated with CML progression from AP to BC. The SNV of the MAX gene was previously identified and is named rs80206158. Another SNV, present in ANGEL1 (angel homolog 1 on chromosome 14), was also predicted to cause disease, supported only by MutationTaster. Only nonsynonymous SNVs that were supported by 2 or more functional prediction results were included in further analysis to avoid false-positive SNVs. The 6 SVs overlapped with the ENO1, COL3A1, AFP, SERPINA1, MGAT5B, and ZNF208. where deletion happens; Variant = nucleotide variation found by exome sequencing, (-) means where deletion happens; Genotype 1 = genotype of the patients at accelerated phase, the values are 0 for reference allele and 1 for the variant allele. Genotype 2 = genotype of the patient at blast crisis, the values mean the same as Genotype 1. Gene = official symbol provided by HGNC; the last three columns are analyses of the predicted effect of the substitution on protein function from PolyPhen-2, SIFT and Mutation Taster, respectively, (-) means no prediction available. According to the KEGG pathway mapping analysis, MAX is involved in cancer-related pathways, including pathways annotated in KEGG with the following IDs: hsa05200 (pathways in cancer), hsa05202 (transcriptional misregulation in cancer) and hsa05222 (small cell lung cancer). SERPINA1 is involved in the pathway of complement and coagulation cascades (KEGG ID, hsa04610). MGAT5B is involved in glycan biosynthesis and metabolic pathways (hsa00510, hsa00514 and hsa01100). No pathways associated with the other genes were identified.
DISCUSSION
This study used whole-exome sequencing of a subject with CML developing from AP to BC to identify genetic variants associated with CML progression. To uniquely identify the causative variants, we used information in public databases to remove variants known not be associated with any phenotype. Among the remaining SNVs and indels, we selected nonsynonymous (including nonsense variants) and splice-site variants as candidates for further analysis. Functional prediction analysis helped to further confirm the impact on the progression of CML of these candidate variants. Finally, we identified 3 SNVs that were associated with CML progression located on the ANO5, GATA2, and MAX genes. All of these 3 SNVs are suggested to cause disease according to the functional prediction analysis. The pathway-mapping analysis indicated that MAX is involved in cancer-related pathways, including those annotated as hsa05200, hsa05202 and hsa05222. Six candidate SVs implicated to be involved in CML progression and that overlapped with the ENO1, COL3A1, AFP, SERPINA1, MGAT5B, and ZNF208 were identified. SERPINA1 is involved in the pathway of complement and coagulation cascades and MGAT5B is involved in glycan biosynthesis and other metabolic pathways.
GATA2, which is expressed abundantly in hematopoietic stem cell and progenitor cells, is a transcription factor that plays an essential role in the development and proliferation of hematopoietic and endocrine cell lineages (Ostergaard et al., 2011) . A previous report (Zhang et al., 2008) showed that the GATA2 L359V mutation causes a block in myelo-monoblastic differentiation and plays an important role in myeloid BC of CML, implicating GATA2 in the progression from AP to BC in CML. The SNV discovered in this study has not been previously reported; its mutation from C to A causes deleterious effects on the structure and function of the GATA2 protein, which may contribute to the transformation from AP to BC.
The MAX protein forms homo-and heterodimers with other family members, including c-Myc, an oncoprotein contributing to the genesis of many human cancers (Dang, 2012) . The heterodimers bind to a common DNA target site (the E box) in the regulatory regions of Chr = chromosome; Source = the software package used for structural variation (SV) detection; Start = start point (bp) of the SV; End = end point (bp) of the SV; Gene = genes overlapped with SVs, physical positions of the genes are indicated in parentheses. target genes that are involved in cell cycle control, energetic metabolism, protein or ribosome synthesis, and other miscellaneous functions (Vaque et al., 2005) . The results of the pathway analysis suggested that Max is involved in cancer-related pathways through its interaction with Myc. In fact, interactions between c-Myc and Bcr, which is the fusion partner of Abl, have been observed by Mahon et al. (2003) . However, according to Mahon et al., Bcr cannot interact with Max, or with the c-Myc•Max heterodimer. Thus, the association between Max and CML progression may not be due to the interaction between Bcr and Max or the c-Myc•Max heterodimer. As previously described (Zada et al., 2006) , Max is a protein interacting with the transcription factor CCAAT/enhancer-binding protein α (C/EBPα), which plays an important role in the regulation of granulopoiesis and is disrupted in human acute myeloid leukemia (AML). The BC stage of CML behaves like AML, with rapid progression and short survival, suggesting the potential for a role of the Max-C/EBPα pathway in the progression from AP to BC. Besides, interruption of ENO1 by SVs may contribute to the tumor exacerbation because alternative splicing of ENO1 creates a shorter isoform that binds to the c-Myc promoter and functions as a tumor suppressor (Feo et al., 2000) . Relationships of other genes with the pathogenesis of leukemia have not yet been reported. These genes are located on different chromosomes, reflecting the fact that cancer genomes are complex and the progression or exacerbation of cancer results from the acquisition and accumulation of various genetic alterations.
In summary, we performed whole-exome sequencing on samples from AP and BC in CML and identified 3 SNVs and 6 SVs that were associated with CML progression. Our observations suggest that mutations in 9 genes may play important roles in exacerbation progress from AP to BC in CML, supported by previous independent studies on GATA2. Moreover, new CML-associated variations identified in this study will help improve the understanding of the molecular mechanisms underlying the progression from AP to BC in CML, and facilitate the discovery of potential drug targets.
